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poal  Extrus ion i n  t h e  P l a s t i c  S t a t e  
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ABSTRACT 
Continaous feed ing  of c o a l  i n  a  compressing screw e x t r u d e r  is desc r ibed  a s  
a  method I?£ i l l t roducing c o a l  i n t o  p r e s s u r i z e d  systems.  The m e ,  ?d u t i l i z e s  t h e  
p roper ty  of many bituminous c o a l s  of  s o f t e n i n g  a t  temperatures  from 350 t o  425'~. 
Coal is then t ed  much i n  t h e  manner of common thermopJ.astics u i n g  screw e x t r u d e r s .  
Data on t h e  v i s c o s i t y  and e x t r u d e r  parameters f o r  e x t r u s i o n  of  I l l i n o i s  No. 6 
c o a l  is presented.  
Introduction 
This paper describes work on the  feed- of coal t o  pressurized system8 u t i l i z i a g  
the properties of many coals  t o  became sc r i - f lu id  tmder the  ac t ion  of heat and pressure. 
Expzrtmectal work has centered on m d i f i e d  thermoplastic extruders u t i l i z i q  a s ing le  
screw design in which bituminous coals eater a s  a granular s e l i d  and exit as a viscous 
f lu id  a t  elevated pressure. 
The technique is based on the  property of most bituminous coals t o  go semi-fluid 
o r  "plastic" a t  tenperaturea near 400'C aad a t  modest pressure. Most of the  previous 
in te res t  in  these propert ies  has been re la ted  t o  the  production of coke fo r  retal- 
lu rg ica l  Furposes where select* -. of coals  fo r  blending is made pa r t i a l ly  on t he  
bzsis  of measurements of p l a s t r - r ~ j .  iests such a s  ASTI4 12-1512-69, u t i l f z i ~ g  the  
Giessler plastometsr , have be =n developed. i-r t h i s  puqmse. 
Coals can be rendered p l a s t i c  a t  high pressure by devices c o m n  t o  the  techaology 
of the  processing of thewoplast ics .  One of the  s l p l e s t  of these devices i n  t b -  
screv extru 'er ,  8 h m  sch~mat ica l ly  in Figsre 1, in whict. the  m t e r i a l  t o  bc extruded 
is heated and coupressed u n t i l  t k  desired ou t l e t  conditions a r e  reached. The ac t ion  
of the  ~ampressing screw on the  visccus material can cause very high pressure t o  occur 
i n  the  extruder. Depending on the  conditions such a s  f l w  r a t e  and viscosi ty,  pressures 
up t o  35 Wa (5000 : si) can be obtained. 
Measurement of Coal Viscosity 
Of  the ma,~y properties of coal tha t  a r e  of i n t e r e s t  in  extrusion, the  most 
importan: a r e  the  viscous properties and t h e i r  :e la t ion  t o  temperature, shear and 
t i m e .  N c  da.,a were avallshl.: on t h e  ac tual  viscosi ty of coal, and an experinental 
program of capi l la ry  rheometry(2) was w J e t t a k n  t n  measure the  viscosi ty of several  
coa l s  i n  t h e i r  p l a s t i c  range. A s h o r t  c a p i l l a r y  was used i n  t h e s e  experiments; t h e  
apparatus  is shown i n  Figure  2. Separate  pre l iminary experiments showed (by means 
of a thernocobple embedded i n  c o a l  i n  t h e  d i e )  t h a t  s t eady  temperatures  were reached 
i n  t h e  c o a l  i n  about sevcn minutes. On t h e  d i e  a x i s ,  c o a l  temperatures  were c o n s i s t e n t l y  
0 lower than  t h e  ind ica ted  temperatures  by about 2 C. To load t h e  d i e  w i t h  c o a l ,  it 
was f i r s t  weighed, c o a l  added, and d i e  p l u s  c o a l  reweighed. As i n d i c a t e d  i n  Figure  2 ,  
a c l o s e  f i t t i n g  g r a p h i t e  p lug was used t o  s e a l  t h e  upper s u r f a c e  of t h e  c o a l  t o  
r e t a i n  v o l a t i l e s .  Apparent v i s c o s - t i e s  were determined a s  f o l l w s .  A loaded d i e  
and p i s t o n  were placed i n  t h e  b r a s s  block,  thermal con tac t  e s t a b l i s h e d  by mel t ing 
s o l d e r  i n  t h e  annular  gap between d i e  and h e a t e r  block,  and seven minutes al lowed t o  
pass. The c r o s s  head of t h e  Nodel IIC I n s t r o n  t e s t i n g  machine wi th  a compression cage 
was then s e t  fn  motion, and p l a s t i c  c o a l  forced through t h e  c a p i l l a r y  of t h e  d i e .  
E i t h e r  cons tan t  fo rce  of cons tan t  s h e a r  r a t e  c c n d i t i o n s  were employed. Force read ings  
were d i r e c t l y  obta ined from t h e  load c e l l  on t h e  I n s t r o n  machine. 
Shear r a t e s  (a )  were computed from 
4 R ' ~  d l l d t  8 ii = 
11g3 R~ 
and s h e a r  s t r e s s e s  ( a )  from 
where Q is t h e  volumetr ic  flow r a t e ,  Rd is t h e  r a d i u s  of t h e  d i e ,  d l l d t  is tt.e 
c r o s s  head speed, R is the  r a d i u s  of t h e  c a p i l l a r y ,  aP is t h e  p r e s s u r e  a c r o s s  t h e  
c a p i l l a r y ,  and L is t h e  c a p i l l a r y  length .  Apparent v i s c o s i t i e s  were then computed 
from 
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Measurements vere  made of apparent viscosi ty vs 1 .  
temperature and shear r a t e  f o r  I l l i n o i s  No. 6, Orient No. 3 bituminous coal. The 
analysis  of t h i s  coal  is given in Table 1. Figure 3 shows the  apparent v iscos i ty  as 
a function of temperature with the  residence time and shear r a t e  fixed. As one vculd 
expect, t he  coal  softened u p o ~  approaching the  p l a s t i c  region, then hardened a t  
temperature associated u-'.h the  coking i roper t ies .  These data were qu i t e  sens i t ive  
t o  residence-tire e f fec t s ;  these e f f e c t s  are currently under study. 
Figure 4 shows the  apparent v iscos i ty  as a function of shear r a t e  (essent ia l ly  
the mass flow r a t e  through the  capil lary) .  The viscosi ty is a strong function of 
shear rate, and follows the power l a w  relat ion(4) i n  a r n n e r  s imilar  t o  pseudoplastics. 
Thus, coal  m y  behave much like a conventional p l a s t i c  i n  the  extruder. The basolute 
value of the  v iscos i ty  var ies  widely under the  d i f ferent  conditions of temperature, 
t i m e ,  and shear r a t e ,  but are comparable i n  some ranee t o  conventional p las t ics .  
Operation of the Screw  extrude^ 
?he p las t ica t ing  screw extruder(2) combines the  s teps  of so l ids  t ransport ,  melting, 
and pumping tn one device, making it  a t t r a c t i v e  as a feeder f o r  coal i n  the  p l a s t i c  
s t a t e  by v i r t u e  of its simplicity. Solid coal is augered in to  the  cen t ra l  p a r t s  of 
the extruder where it is heated, compressed, vapors expelled, and melting begun. 
. 5. 
.+ 
I 
Heating is both by cond~c t ion  from the  ba r re l  and by mechanical working of the  coal ,  ---f 
d, 
4- 
When the  coal becomes p las t i c ,  it  is pumped b j  a drag flow mechanism i n  vhich the  flow 
, ;? 
- s 
r a t e  is determined approximately by the  equation 
where is  t h e  volumetr ic  flow r a t e ,  N is t h e  screw speed,  4P is :he prcssurc acr.)ss 
t h e  pumping por t ion  of t h e  screw, pis t h e  f l u i d  v i s c o s i t y ,  andaar ld  8 a r e  c o b s t a n t s  
r e l a t e d  p r imar i ly  t o  t h e  geometry of  t h e  ex t ruder .  (*) Equation (1) l r l d i r a t e r  t h G r  
flow decreases  w i t h  i n c r e a s i n g  p r e s s u r e  and i n c r e a s e s  a s  t h e  v i s c o s i t y  r i s e s .  Maximum 
flow occurs a t  z e r o  p ressure  and maximum p r e s s u r e  occurs  a t  z e r o  flow. 
The vo lumet r i c  flow r a t e  a c r o s s  t h e  d i e  is determined by t h e  P o i s e u i l l e  equa t ion  
f o r  t h e  f low of f l u i d s  through c v l i n d r i c a l  round tuhes.  
Frim e q ~ a t i o n s  (1)  and (2), t h e  p r e s s u r e  is  found t o  Le ( 2 )  
Thus, t h e  p r e s s u r e  developed is p r o p o r t i o n a l  t o  t h e  v i s c o s i t y  and t h e  screw speed. 
These equa t ions  assume t h a t  t h e  flow through t h e  e x t r u d e r  is governed by t h e  screw 
pumping, and n e g l e c t  compression, me l t ing  and sol . id  feed cons ide ra t ions .  Each of  
t h e s e  have major e f f e c t s  on a c t u a l  e x t r u d e r  performance. 
Screw e x t r u s i o n  of I l l i n o i s  No. 6 c o a l  was demonstrated w i t h  a commercial screw 
ex t ruder  which was p rev ious ly  used t o  ex t rud-  polyethylene.  The 3.81 cm d i a .  
e x t r u d e r  ( C e n t e r l i n e  Machinery Co., San ta  h a ,  CA) v a s  of convent ional  des ign.  Screw 
speed was cont inuously  v a r i a b l e  up t o  a maximum speed of 120 rpm. A t  any given 
speed s e t t i n g ,  screw speed w a s  cons tan t .  A 3.7 Kw (5  hp) DC motor tu rned  t h e  screw 
through a m u l t i p l e  "V" b e l t  d r ive .  The e x t r u d e r  b a r r e l  was convent ional :  LID = 22, 
cons t ruc ted  of  4140 s t e e l  w i t h  a n  Xcloy l i n e r  spun c a s t  i n  p l a c e ,  wi th  a Vickers- 
Anderson type f l a n g e  a t  t h e  d e l i v e r y  end. The d i e  was a 0.48 cm (0.189 i n )  bore  
c a p i l l a r y  which was segmented t o  a l low varying l e n g t h s  of 2.5, 7.6, and ' 2 . 7  cm. 
The screw was of conventional design with an ove ra l l  l ength  of 8 1  cm (31.9 i n ) .  
The maxinun channel depth In t h e  feed sec t ion  was 0.77 cm, and t h i s  s ec t i on  took up t h e  
f i r s t  40 cm of t h e  screw. The last p a r t  consis ted of a l i n e a r  compression sec t ion  
which reduced t h e  flow area by a f a c t o r  of 2.5. No metering sec t ion  w a s  used. The 
end of t h e  screw w a s  conica l  in  shape, allowing about 0.41 cm (0.162") c learance 
between t h e  cone sur face  and the  i n t e r i o r  sur face  of t h e  die .  Additionally,  a bar  
0.32 .cm (0.125" wide) was welded s long t h e  sur face  of t h e  cone t o  a c t  a s  a wiper, 
keeping coa l  i n  t h e  d i e  in motion a s  t h e  screw turned. A clearance of about 0.051 rpop 
(0.002') w a s  m a i n t a i n d  between t h e  su r f ace  of t h e  wiper and the  i n t e r i o r  sur face  of 
t h e  die.  
i The b a r r e l  w a s  preheated p r i o r  t o  feeding coa l  by means of e l e c t r i c a l  hea t e r s  
f 
clamped onto t h e  bar re l .  Polyethylene beads were fed s1.owly i n t o  t he  extruder  t o  
; * 
help  heat  t h e  screw. No o ther  means of heat ing t h e  screw was ava i lab le .  In  addi t ion ,  f . 
< 
t he  c o a l  w a s  preheated t o  200°C by e l ec t r i ca l l y -hea t ing  t h e  del ivery tube of t h e  
Vibrascrew p a d e r  feeder  which was used t o  meter t h e  coa l  i n t o  t he  screw extruder.  
The Vibrescrew bin a s  w e l l  as t h e  entrance por t  of t h e  screw extruder  were blanketed 
I .  
with  CO t o  prevent premature oxidat ion of t h e  heated coal .  2 
Extrusion of I l l i n o i s  No. 6 coa l  w a s  achieved f o r  per iods up t o  50 minutes before  1 r 
: 
shutdown occurred due t o  blocking of t h e  d i e  by pieces  of cokcrl mater ia l .  Rel iable  g .  8 
1 3 
measurements of t h e  coa l  v i s cos i t y  were no t  obtained from d i e  prcdture  measurements, 
and considerable d i f f i c u l t y  was experienced wi th  coking, f a i l u r e  of t h e  coa l  t o  m e l t  
- .E? 
A 
~; 
completely, and s o l i d s  feed problems r e l a t ed  t o  w l a t  i l i z a t  ion and t o  caking phenomena. 1 
These problems occurred t o  a much lesser degree i n  previously extruded coa ls  (see Ref. L 3 
on Mi1-burn and Kentucky coals) .  Rheometry measurements haJ ind ica ted  t he  p o t e n t i a l  of q 
rapid coking with I l l i n o i s  No. 6 coal.  Ind ica t ions  of loca l ized  coking i n  t h e  ex t ruder  
r e su l t i ng  i n  i r r e g u l a r  operat ion were a l s o  s ee t .  These. included slow plugging of t h e  d i e  
and t h e  production of chunks of coa l  within t he  extruder  t h a t  were s u f f i c i e n t l y  la rge  
t o  temporarily block t h e  die .  
45 7 
?reparat ion of t h e  coa l  var ied wi th  t he  p a r t i c u l a r  test. Most success was focnd 
when t h e  coa l  was dr ied a t  300°F, and s ized  t o  a  10120 mesh. Generally,  i t  appears 
the  problems r e l a t ed  t o  hea t  t r a n s f e r  and feed a r e  reduced by cont inual ly  removing f ines .  
Such problems a r c  i n  pa r t  r e l a t ed  t o  t h e  extruder  design; i t  is possible  t h a t  they 
are accentuated by the  small  s i z e  ~f  t h e  laboratory extruder.  
Power requirements f o r  ex t rus ion  of I l l i n o i s  No. i coa l  var ied widely with the  
p a r t i c u l a r  test and temperature p r o f i l e  i n  t h e  extruCer. Su f f i c i en t  runs were not 
0 
made t o  determine an optimum temperature p ro f i l e .  Table 2 shows t y p i c a l  experimental 
r e s u l t s  from I l l i n o i s  No. 6,  with the  energy requirements varying from 68 t o  108 kw-hr/ 
ton. The power appears t o  be c lose ly  r e l a t e d  t o  t he  de t a j l ed  temperature p r o f i l e  i n  
the screw, and these  re la t ionsh ips  w i l l  be t h e  subjec t  of fu r the r  study. 
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Table 1. Analysis of I l l i n o i s  No. 6 (Orient No. 3) Coal 
Proximate Analysis : 
X Moisture 
Ash 
Volati le  
Fixed Carbon 
Btu 
Ultimate Analysis: 
X Moisture 
Carbon 
Hydrogen 
Nitrogen 
Chlorine 
Sulfur 
Ash 
Oxygen (by Difference) 
As Received 
A s  Received 
D r y  Basis  
Dry 3as is  
Table 2. Experimental Resul ts  with 1 112 In. Extruder 
( I l l i n o i s  No. 6 Coal) 
Coal Preparation 
Screen Size 
Drying 
10/20 mesh (Tyler) 
300°r i n  a i r  
Extruder Temperatur~z 
Inches fro= Feed Port  Temperature, OF 
Coal I n l e t  
Feed Zone 
Compression Zone 
Metering Zone 
Die 
Extruder Data 
Screw Speed 
Coal Feed 
Power 
83 rpm 
9.1 l b l h r  
0.89 hp 
Calculated Data 
Power 
Shear S t r e s s  i n  Die 
Shear Rate i n  Die 
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